We have studied the effect of the 3 terminal CCA sequence in precursors of tRNAs on catalysis by the RNase P RNA or the holoenzyme from the cyanobacterium Synechocystis sp. PCC 6803 in a completely homologous system. We have found that the absence of the 3 terminal CCA is not detrimental to activity, which is in sharp contrast to what is known in other bacterial systems. We have found that this is also true in other cyanobacteria. This situation correlates with the anomalous structure of the J15͞16 loop in cyanobacteria, which is an important loop in the CCA interaction in Escherichia coli RNase P, and with the fact that cyanobacteria do not code the CCA sequence in the genome but add it posttranscriptionally. Modification of nucleotides 330-332 in the J15͞16 loop of Synechocystis RNase P RNA from GGU to CCA has a modest effect on k cat for CCAcontaining substrates and has no effect on cleavage-site selection. We have developed a direct physical assay of the interaction between RNase P RNA and its substrate, which was immobilized on a filter, and we have determined that Synechocystis RNase P RNA binds with better affinity the substrate lacking CCA than the substrate containing it. Our results indicate a mode of substrate binding in RNase P from cyanobacteria that is different from binding in other eubacteria and in which the 3 terminal CCA is not involved.
RNase P is a ubiquitous enzyme responsible for generating the 5Ј end of pre-tRNAs by a single endonucleolytic cleavage (1, 2) . In bacteria, the enzyme is composed of an RNA subunit and a protein subunit. The RNA subunit is the catalytic component and, under appropriate conditions in vitro, it can cleave substrates in the absence of the protein (3) . In addition to all the pre-tRNAs, several other natural and artificial substrates are recognized by RNase P (4-7). Several studies have examined how a single enzyme, generally from Escherichia coli and Bacillus subtilis, can recognize so many different substrates and cleave all of them at the correct position (reviewed in refs. 2, 8, and 9) . One of the main conclusions from these studies is the crucial role played by the 3Ј terminal RCCA sequence of pre-tRNAs, where the underlined nucleotides interact with a GGU sequence in the loop connecting helices P15 and P16 (loop J15͞16) (10) (11) (12) . In addition, the 3Ј terminal CCA participates in binding of Mg 2ϩ ions used in catalysis (13) . This interaction is important in defining the cleavage site and reaction rate. In cyanobacteria, the J15͞16 loop has a structure that deviates from the consensus, and it generally lacks a GGU sequence ( Fig. 1) (14, 15) . In some instances, there is an extra helix inserted in this loop. We have investigated the role of the 3Ј terminal CCA in cyanobacterial pre-tRNAs on cleavage by cyanobacterial RNase P RNA and the holoenzyme. Kinetic analyses indicate that cyanobacteria RNase P has no preference for CCA-containing substrates, as does the E. coli enzyme, under single-or multiple-turnover conditions. The Synechocystis RNase P RNA contains a GGU sequence in the J15͞16 loop. We have analyzed how mutagenesis of this sequence affects activity. The relative affinities to Synechocystis RNase P RNA of pre-tRNAs containing or lacking the 3Ј terminal CCA have been analyzed by a method based on the immobilization of the pre-tRNAs on a membrane. This procedure facilitates the detection of the RNA-RNA interactions when the binding affinity is too low to be detected by gel retardation. Our results indicate that cyanobacterial RNase P binds and reacts on substrates lacking the 3Ј terminal CCA. These results might reflect the fact that in cyanobacteria the 3Ј terminal CCA generally is not encoded in the genome but is added posttranscriptionally, and they support the recent suggestion that there is a correlation of the primary structure of tRNA genes with RNase P RNA structure and substrate preference (16) .
MATERIALS AND METHODS
Preparation of RNAs. RNAs were prepared by in vitro run-off transcription with T7 RNA polymerase from template plasmids as described (17) . After transcription, the RNAs were dephosphorylated with calf intestinal phosphatase and labeled at the 5Ј end with polynucleotide kinase and [␥- (14) , and pGln (precursor of Synechocystis tRNA Gln ) (18) already have been described. Pseudanabaena sp. PCC 6903 RNase P was obtained from a template prepared by C. Tous (Sevilla University) on the basis of the published sequence (19) .
Plasmid pT7Glu was prepared for the synthesis of Synechocystis 6803 pGlu (precursor of Synechocystis tRNA Glu ). The Synechocystis 6803 trnE gene was amplified by PCR from genomic DNA with primers based on the published sequence (20) . The forward primer (5Ј-CGACGGGATCCTAAATAC-GACTCACTATAGTCTGAAATAACGAACTG-3Ј) contains a BamHI site and the T7 promoter sequence and overlaps the 5Ј end of the pre-tRNA sequence. The reverse primer (5Ј-GTCCCAAGCTTGGATGGACGCCTGGTACCCCCA-AGGGAA-3Ј) overlaps the 3Ј end of pre-tRNA sequence and
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contains a FokI, a BstNI, and a HindIII site. A PCR product of the expected size was purified, digested with HindIII and BamHI, and ligated into pUC19 treated with the same enzymes. The clone was confirmed by sequencing. Pre-tRNAs were prepared by T7 RNA polymerase-based run-off transcription by using as templates pT7Gln or pT7Glu digested with either FokI (to generate substrates lacking the 3Ј terminal CCA) or BstNI (to generate substrates containing the 3Ј terminal CCA). Fig. 2 shows the predicted secondary structures of Synechocystis pGln and pGlu.
Purification of Proteins. RNase P protein from E. coli (C5 protein) was purified from cultures of BL21(DE3) carrying plasmid pARE7 as described (17) . RNase P protein from Synechocystis was purified from cultures of BL21(DE3) carrying plasmid pARA2 as described (18) .
RNase P Activity Assays. RNase P RNA assays were done in 50 mM Tris⅐HCl, pH 7.5͞100 mM MgCl 2 ͞1 M KCl. RNase P RNAs were incubated in assay buffer for 5 min at 37°C before addition of substrate. Holoenzyme was reconstituted by direct mixing of RNase P RNA with a 10-fold molar excess of purified RNase P protein in assay buffer and incubated for 5 min at 37°C before addition of substrate. E. coli holoenzyme assays were done in 50 mM Tris⅐HCl, pH 7.5͞10 mM MgCl 2 ͞400 mM NH 4 Cl͞0.1% Triton X-100 (21) . Synechocystis 6803 holoenzyme assays were done in 50 mM Tris⅐HCl, pH 7.5͞50 mM MgCl 2 . These conditions have been found to be optimal for the Synechocystis holoenzyme (unpublished data). Aliquots of the reactions were mixed at different times with loading dye containing urea and EDTA. The amount of processing was estimated by separating reaction products on acrylamide͞urea gels and quantification with a Cyclone Phosphor System (Packard). Kinetic constants were estimated from doublereciprocal plots of initial reaction rates at different substrate concentrations as described (22). Substrate concentration was varied in the range of 0.01-100 M. Enough data were collected for each enzyme-substrate pair to have a reduced error in the estimation of catalytic constants shown in Table 1 .
Site-Directed Mutagenesis. Mutations G330C, G331C, and U332A were introduced simultaneously in the Synechocystis rnpB gene by site-directed mutagenesis with the oligonucleotide 5Ј-CCTGCCCCATGATTCCAGGAACCGCTTGAGG-AATTTGG-3Ј. The U.S.E. Mutagenesis Kit from Pharmacia was used for this purpose.
Analysis of RNA-RNA Affinity. Gel retardation of pretRNA with RNase P RNAs was done as described (23) .
Filter-bound interaction analysis was performed by transferring equal amounts of the pre-tRNAs to be analyzed to a membrane (Hybond N ϩ , Amersham) with a slot-blot apparatus. The RNAs were fixed to the membrane by baking for 2 h at 80°C, and then the filter was blocked by soaking for 2 h at room temperature in 20 ml of 20 mM Hepes⅐KOH, pH 8.0͞100 MgCl 2 ͞1 M KCl͞2 mg/ml yeast RNA (R-6625; Sigma), which was prepared as described (24) . After the blocking step, the filter was soaked for 20 min in a minimal volume of the same solution, but without yeast RNA, containing 10,000 cpm͞ml of 32 P-labeled RNase P RNA. The filter was washed twice for 20 min with the same solution without yeast RNA, and the bound radioactivity was quantified with a Cyclone Phosphor System. The intensity of the signal was proportional to the amount of pre-tRNA bound to the filter in the range of 2-200 pmol. We found that no binding to pre-tRNA is detected when the RNase P RNA is immobilized on the filter instead of the pre-tRNA.
RESULTS
Effect of 3 Terminal CCA in Pre-tRNA on RNase P Cleavage Kinetics. The protein and RNA subunits of RNase P, as well as a pre-tRNA substrate, from the cyanobacterium Synechocystis 6803 have been cloned and characterized (15, 18) . Therefore, a completely homologous system to investigate the enzyme-substrate interaction during RNase P catalysis in cyanobacteria is available. We have looked at the effect that the 3Ј terminal CCA sequence in the substrate has on cleavage rate and substrate binding. First, we analyzed cleavage rate under single-turnover conditions (pre-steady-state conditions) to determine the effect of the CCA sequence on the rate of the chemical cleavage reaction. In this way the reaction rate was not affected by slow product release that has been shown to limit the overall reaction rate under multiple-turnover conditions in E. coli. Fig. 3 shows that pGln was cleaved slightly faster than pGlnCCA (precursor of Synechocystis tRNA (11) base pairing between the sequence RCCA-3Ј in pre-tRNAs and a conserved GGU sequence in J15͞16 of E. coli is shown. The GGU sequence mutated in Synechocystis to CCA to generate mutant CCA332 is boxed.
FIG. 2.
Structure of pre-tRNA substrates used in this work. These substrates could be prepared by in vitro transcription either containing or lacking the 3Ј terminal CCA (boxed), depending on the restriction enzyme used to digest the template, as described in the text.
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Proc. Natl. Acad. Sci. USA 96 (1999) RNA or holoenzyme, whereas E. coli RNase P RNA or holoenzyme had a clear preference for pGlnCCA. The preference of the E. coli enzyme for CCA-containing substrates is well documented (23, 25, 26) . Synechocystis RNase P RNA behaved in an opposite way. This result was not a peculiarity of the Synechocystis enzyme or of the pGln substrate. RNase P RNAs from the cyanobacteria Anabaena 7120 and Pseudanabaena 6903 showed a similar behavior (Fig. 4A) . Also, when a different substrate was used, Synechocystis pGlu, a similar result was obtained (Fig. 4C ). E. coli RNase P RNA had a clear preference for the CCA-containing substrate, whereas the Synechocystis RNase P RNA cleaved the CCA-lacking substrate slightly better. Synechocystis is one of the few cyanobacteria that contain a GGU sequence in J15͞16. But as has been discussed previously (14) , J15͞16 has a structure in Synechocystis that differs from that in E. coli. To investigate the role of J15͞16 of Synechocystis on enzymatic activity, we have changed the GGU sequence to CCA by site-directed mutagenesis to generate mutant CCA332. Under single-turnover conditions, RNase P RNA CCA332 had the same substrate preference than wild type (Fig. 4A ). Holoenzyme reconstituted with RNA CCA332 also behaves similarly (Fig. 4B) . RNA CCA332 has a reaction rate about 50% of the wild type in the RNA-alone reaction and about 20% lower of the wild type in the holoenzyme reaction. The holoenzyme activity of RNA CC332 could be increased up to 50% of wild type by increasing the protein concentration (not shown). Therefore, it seemed that RNA CCA332 was partially defective in its interaction with the protein, and, thereby, it required higher protein concentrations than wild type to reach maximum activity. The presence or absence of CCA in the substrate had no effect on the site of cleavage. The modification of J15͞16 in mutant CCA332 also had no effect on the site of cleavage. Fig. 4D shows that in all cases the 5Ј fragment had the same size, which corresponded to cleavage at the ϩ1 position, as determined by primer extension (18) (A.V., unpublished data).
The results obtained under single-turnover conditions were confirmed fully under multiple-turnover assay conditions. Kinetic constants of Synechocystis wild-type and mutant CCA332 RNase P RNAs were determined under multipleturnover conditions (steady state) for substrate containing and lacking the 3Ј terminal CCA (Table 1 ). For comparison, E. coli M1 RNA also was analyzed. The effects of the 3Ј terminal CCA on K m and k cat of M1 RNA were similar to what has been described previously for a number of substrates. K m was 23-fold lower for the CCA-containing substrate. k cat also was lower (13-fold) because of the lower product release rate for the CCA-containing substrate. Synechocystis RNase P RNA had a K m for pGln similar to that for the E. coli M1 RNA, but the K m for pGlnCCA was more than 100-fold higher. The presence of CCA had a detrimental effect on K m , which was the opposite of what happens in E. coli. Conversely, k cat was 120-fold higher for pGlnCCA than for pGln. The mutation in J15͞16 in RNase P RNA CCA332 had no significant effect on K m ; it showed just a 3-fold reduction of the K m for pGlnCCA. The k cat for pGlnCCA was reduced 13-fold.
RNase P RNA-Pre-tRNA Interaction. The results described in the previous section indicated that the 3Ј terminal CCA in pre-tRNA had an effect on RNase P activity in cyanobacteria that was different from what was described previously in other bacterial RNase P RNAs. The K m was increased drastically when the 3Ј terminal CCA was present in the substrate. Therefore, we decided to study whether this effect was due to a defect in enzyme-substrate affinity. It is well established that E. coli M1 RNA has higher affinity for CCA-containing substrates. This has been shown mainly by gel-retardation assays (23) . We showed that the same also was true with Synechocystis pGln. pGlnCCA was retarded by M1 RNA but not pGln (Fig. 5A) . No retarded complex could be observed with Synechocystis RNase P RNA and either pGln or pGlnCCA with RNA concentrations as high as 1 M, indicating that for both substrates the affinity was too low to be detected by this assay. Therefore, we have developed a different assay, in which the pre-tRNA was bound to a membrane and then incubated with RNase P RNA. With this assay we could detect the interaction between pre-tRNA and Synechocystis RNase P RNA (Fig. 5B) . We have validated the assay with E. coli M1 RNA. This RNA behaved in this assay in a way consistent with the gel-retardation assay. A stronger signal was detected with pGlnCCA than with pGln, which indicated that the relative intensity of the signals was related to the relative affinity between both RNAs. Synechocystis RNase P RNA, however, gave a clear signal with pGln and a barely detectable signal with pGlnCCA. The intensity of the radioactive signal was proportional to the amount of pre-tRNA used (not shown) and was reproducible. Therefore, it was possible to compare the affinities of RNase P RNAs to different substrates by quantification of the radioactivity bound. Our results (from triplicate experiments similar to the one shown in Fig. 5B ) indicated that the signal was about 20-fold stronger with pGln than with pGlnCCA for Synechocystis RNase P RNA, but it is about 6-fold stronger with pGlnCCA than with pGln for E. coli M1 RNA. RNA CCA332 behaved in this assay in a way similar to Synechocystis wild-type RNase P RNA.
DISCUSSION
The results described in this paper point to differences in the substrate-recognition mechanism by cyanobacterial RNase P as compared with other bacterial RNase P analyzed so far. The 3Ј terminal CCA in the substrate, which is an important determinant for substrate binding in E. coli, has an opposite effect in cyanobacteria. E. coli RNase P RNA or holoenzyme have a clear preference for CCA-containing substrates. In contrast, cyanobacterial RNase P exhibits a preference for CCA-lacking substrates. The differential substrate preference is due to effects both on K m and k cat (Table 1 ). These differences result in an increased overall catalytic efficiency (k cat ͞K m ) for pGlnCCA vs. pGln with E. coli RNase P RNA of almost 2-fold, whereas there is a better catalytic efficiency for pGln vs. pGlnCCA with the Synechocystis RNase P RNA. Detailed kinetic analysis has shown that the lower k cat of E. coli with CCA-containing substrates is due to slow product release (27, 28) . A better affinity for the substrate, as reflected in a lower K m , translates into a greater difficulty of releasing the mature tRNA product. In contrast, Synechocystis RNase P RNA has a much lower K m for the CCA-lacking substrate. That the substrate preference is apparent under single-turnover conditions, where there is no effect of product release, indicates that the rate of the chemical step (k ϩ2 ) also is affected by the presence of CCA in the substrate. More detailed kinetic analysis of the cyanobacterial system is required to confirm this point.
The results of the filter-bound RNA-RNA interaction assay are in agreement with the kinetic data. The relative intensities of the bands are congruent with the known RNA-RNA 2, 4 , 6, 8, 10, 12, and 14) in the absence of enzyme (lanes 1 and 2) or with 0.5 nM E. coli M1 RNA (lanes 3-6), 5 nM Synechocystis RNase P RNA wild type (lanes 7-10), or 5 nM Synechocystis RNase P RNA CCA332 (lanes [11] [12] [13] [14] .
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Proc. Natl. Acad. Sci. USA 96 (1999) affinities (in E. coli) or as expected from the K m values (Synechocystis): E. coli M1 RNA gives a stronger signal with the CCA-containing substrate whereas Synechocystis RNase P RNA does the opposite. The differences in intensities are 6-fold for E. coli and 20-fold for Synechocystis, which is somewhat proportional to the differences in K m (20-fold for E. coli and 120-fold for Synechocystis). A high difference in K m is correlated with a high difference in band intensities in the filter assay.
The filter-bound RNA-RNA interaction technique generally could be useful for comparing relative RNA-RNA affinities when the affinity is too low to be detected by other traditional methods, such as gel retardation, and it can be easily scaled up to analyze the binding of many samples with a 32 P-labeled RNA to facilitate the comparison of mutants, structural variants, etc., as well as for the selection of strongerbinding RNAs.
Why does the Synechocystis enzyme have a much lower affinity for the CCA-containing substrate? The J15͞16 loop in E. coli is very close to the acceptor stem of the pre-tRNA (29, 30) , and it interacts with the CCA sequence. It is possible that in Synechocystis there is steric interference when the CCAcontaining substrate is bound because of the larger size of the J15͞16 loop. Assuming a similar, overall, three-dimensional structure of Synechocystis RNase P RNA and a similar geometry of binding of the substrate to the E. coli system, the larger size of J15͞16 would reduce the space available to fit the substrate and, therefore, make it more difficult to interact with CCA-containing pre-tRNAs. A prediction of this hypothesis is that a reduction of the size of the J15͞16 loop in Synechocystis would reduce the preference for CCA-lacking substrates.
The conclusions we have reached with Synechocystis and pGln can be generalized to other substrates, such as pGlu, and to other cyanobacteria, such as Anabaena 7120 and Pseudanabaena 6903. There are published reports that the RNase P RNA from the cyanobacteria Prochlorothrix hollandica and Prochlorococcus marinus are strongly dependent on the presence of CCA in the substrate for activity (31, 32) , in contradiction with our results. In those studies, a plant chloroplast substrate was used whereas we have used a completely homologous system. Therefore, it would be interesting to confirm with a cyanobacterial pre-tRNA whether P. hollandica and P. marinus are true exceptions to our observation that cyanobacteria have a preference for CCA-lacking substrates.
The J15͞16 loop is important in E. coli not only for substrate binding but also for catalysis. Single base substitutions on this loop have strong effects on the kinetic constants and on the cleavage-site selection (11, 28, 33, 34) . Although a significant change (i.e., a 3-nt deletion) in the J15͞16 loop was introduced in the Synechocystis RNase P, the effect of the change was minimal on K m and it was significant on k cat only with the CCA-containing substrate. The change had no significant effect on the substrate preference of the enzyme, and it did not affect cleavage-site selection with either substrate. This, again, suggests that the role of J15͞16 in catalysis by cyanobacterial RNase P is not as relevant as with E. coli or other bacterial RNase P. The 3Ј terminal CCA interaction with the J15͞16 loop is used in E. coli as part of a measuring device to determine the cleavage site (34) (35) (36) (37) . Presumably, in cyanobacteria, as in eukaryotes, where the CCA also is unimportant, alternative contacts are used to determine the cleavage site (2). Our results would explain the large variability in sequence and structure of J15͞16 in cyanobacteria compared with other bacteria (14) . When there are no functional constraints on RNA structure, it will evolve more freely and explore in a neutral way a larger range of possible structures. tRNA genes in cyanobacteria do not code for the 3Ј terminal CCA, and, therefore, it is possible that cyanobacterial RNase P function has evolved in a context in which the CCA sequence is not present. In some cases, an extra helix has been inserted in this region (14, 31) . The insertion, deletion, or substitution of structures during the evolution of RNase P RNA is widespread. They reflect either specific adaptations in the different RNase P RNAs or random changes in functionally neutral sites. A good example is presented by cyanobacteria again: in heterocyst-forming strains, helix P12 is much larger than usual and contains a short, tandemly repeated sequence (14) . These repeats seem to have been inserted recently and independently during the evolution of RNase P RNA in these strains. Interestingly, they can be deleted without significant effect on the kinetics of cleavage (14) or on the binding of the protein subunit (unpublished data).
In summary, our results indicate that cyanobacterial RNase P, in contrast to other bacteria, does not require the 3Ј terminal CCA in the substrate for efficient activity. CCA is detrimental to activity and reduces the affinity between enzyme and substrate. This result is in agreement with the fact that CCA is not encoded in cyanobacterial tRNA genes but is added posttranscriptionally, which supports the idea that RNase P evolves to adapt to the primary sequence of tRNAs as proposed recently (16) .
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